We demonstrate the operation of a two-bit "controlled-NOT" quantum logic gate, which, in conjunction with simple single-bit operations, forms a universal quantum logic gate for quantum computation. The two quantum bits are stored in the internal and external degrees of freedom of a single trapped atom, which is first laser cooled to the zero-point energy. Decoherence effects are identified for the operation, and the possibility of extending the system to more qubits appears promising. In our implementation of a quantum CN logic gate, the target qubit lS) is spanned by two S&I2 hyperfine ground states of a single 9Be ion (the lf = 2, mF = 2) and lF = 1, mF = 1) states, abbreviated by the equivalent spin-1/2 states l J) and l [)) separated in frequency by coo/2~= 1.250 6Hz. The control qubit ln) is spanned by the first two quantized harmonic oscillator states of the trapped in (lo) and l 1)), separated in frequency by the vibrational frequency to, /2' = 11 MHz of the harmonically trapped ion. Figure 1 displays the relevant Be energy levels. Manipulation between the four basis eigenstates spanning the two-qubit register (ln)lS) = lO)l g), lO)l y), ll)l g), ll)l T)) is achieved by applying a pair of off-resonant laser beams to the ion, which drives stimulated Raman transitions between basis states. When the difference frequency 6 of the beams is set near 6 = coo (the carrier), transitions are coherently driven between internal states lS) while preserving ln). Likewise, for 6 = con -co, (the red sideband), transitions are coherently driven between l 1)l 1) and lo)l f), and for t5 = con + co, (the blue sideband), transitions are coherently driven between lo)l [) and ll)l 1'). Note that when 6 is tuned to either sideband, the stimulated Raman transitions entangle lS) with ln), a crucial part of the trapped-ion quantum CN gate.
The distinctive feature of a quantum computer is its ability to store and process superpositions of numbers [2] . This potential for parallel computing has led to the discovery that certain problems are more efficiently solved on a quantum computer than on a classical computer [3] . The most dramatic example is an algorithm presented by Shor [4] showing that a quantum computer should be able to factor large numbers very efficiently. This appears to be of considerable interest, since the security of many data encryption schemes [5] relies on the inability of classical computers to factor large numbers.
A quantum computer hosts a register of qubits, each of which behaves as quantum mechanical two-level systems and can store arbitrary superposition states of 0 and 1.
It has been shown that any computation on a register of qubits can be broken up into a series of two-bit operations [6] , for example, a series of two-bit "controlled-NOT*' (CN) quantum logic gates, accompanied by simple rotations on single qubits [7, 8] 
is achieved by applying a pair of off-resonant laser beams to the ion, which drives stimulated Raman transitions between basis states. When the difference frequency 6 of the beams is set near 6 = coo (the carrier), transitions are coherently driven between internal states lS) while preserving ln). Likewise, for 6 = con -co, (the red sideband), transitions are coherently driven between l 1)l 1) and lo)l f), and for t5 = con + co, (the blue sideband), transitions are coherently driven between lo)l [) and ll)l 1'). Note that when 6 is tuned to either sideband, the stimulated Raman transitions entangle lS) with ln), a crucial part of the trapped-ion quantum CN gate.
We realize the controlled-NOT gate by sequentially applying three pulses of the Raman beams to the ion 
)1)l $)). We perform two measurements to detect the population of the register after an arbitrary sequence of operations. =5 X 1() s), the fluorescence reading is proportional to P (S =j,) . For of the four eigenstates spanning the register (~n)(S) = /0) / g), /0) / 1'), /1) / $), f 1)f 1')), then apply the CN operation given in (1). We measure the resulting register population as described above after operation of the CN gate, as shown in Fig. 2 . When the control qubit is prepared in the~n ) = [0) state, the measurements show that the gate preserves S with high probability, whereas when the initial control qubit is prepared in the~n) =~1 ) state, the CN gate Hips the value of S with high probability. In contrast, the gate preserves the population n of the control qubit~n) with high probability, verifying that the register populations follow the CN truth table expressed in (2).
The fact that the measured probabilities are not exactly zero or one is primarily due to imperfect laser-cooling, imperfect state preparation and detection preparation, and decoherence effects.
To illustrate the conditional dynamics of a quantum logic gate, we desire to perform a unitary transformation on one physical system conditioned upon the quantum state of another subsystem [19] . To see this in the present experiment, it is useful to view steps (a) and (c) of the CN operations given in (1) as Ramsey radiation pulses [20] , which drive the~n)( $)~n)~f) transitionwith the addition of the perturbation (b) inserted between the pulses. If we now vary the frequency of the Ramsey pulses, we obtain the typical sinusoidal Ramsey interference pattern indicative of the coherent evolution between states~S ) =~J ) and~f). However, the final population S depends on the status of the control qubit~n). This is illustrated in Fig. 3 where we plot the measured prob- is V"'~( rr/2)U, '""U"' U' V"' ( vr/2), adopting -their notation. This is equivalent to the controlled-NOT operator proposed here between ions I and n, U'"V'~( rr/2)U 'V, '~( -~/ 2)U'" R6781 (1992) .
